INTRODUCTION
Xanthomonas campestris is a Gram-negative phytopathogenic bacterium belonging to the family Pseudomonadaceae. X . campestris pv. citri is associated with various citrus bacterial diseases (Verniere e t al., 1993) . Many factors are known to influence the pathogen-plant interaction, and it has been suggested that proteases of phytopathogenic bacteria have a role in disease development (Dow e t al., 1993) . Protease-deficient mutants of X . campestris pathovars induced only mild symptoms and showed reduced bacterial counts in plants (Dow et al., 1 993) .
Proline iminopeptidase (Pip, EC 3.4.11 -5) was reported for the first time by Sarid e t al. (1959) . This enzyme has been found mainly in bacteria (Albertson & Koomey, 1993 ; Allaker e t al., 1994; Atlan e t al., 1994; Ehrenfreund e t al. , 1992 ; Gilbert e t al. , 1994 ; Kitazono e t a/.,1994a, b ; Klein e t al., 1994; Yoshimoto e t al., 1983) and, to a far lesser extent, in some plants (Ninomiya e t al., 1982) . Although an activity that cleaves the N-terminal proline of certain proteins has been reported in some mammalian tissues (Hiraoka & Harada, 1991) , the presence of a real Pip remains uncertain. Furthermore, some mammalian aminopeptidases, such as leucine aminopeptidases and The GenBank accession number for the nucleotide sequence reported in this paper is 2541 50.
carboxylesterases, have a weak activity on the amide substrates used in the Pip assay (Kitazono e t al., 1992) . This paper reports the cloning, sequencing and expression in Eschericbia coli of the$$ gene from X . campestris. Efforts to improve the expression level of this gene, and the characterization of the expressed enzyme, are also described.
METHODS
Bacterial strains, plasmids and media. X . campestris pv. citri I F 0 3835 (Kato et al., 1980a) was provided by the Coleccion Espafiola de Cultivos Tipo (CECT). E. ~d i strains used were: HBlOl [F-proA2 lezlB sz/PE44 ara-14galK2 lacy1 A(mcrC-mrrK) rpsL20 xyl-5 mil-1 recA131 (Sambrook et al., l989) , 1983) . Plasmids pBR322, pUC18 and pUCl9 were used for cloning and sequencing. X . campestrzs was grown at 30 OC with shaking in a medium containing 2 % (w/v) sucrose, 0.5 % peptone, 0.5 g K,HPO, 1-1 and 0-25 g MgSO,. 7H,O 1-1 (pH 7.0). E. coli cells were cultured in Luria-Bertani broth (Sambrook e t al., 1989) at 30 "C or 37 OC with shaking.
Molecular cloning and sequencing procedures. Plasmid DNA was isolated by the alkaline extraction procedure or by CsCl/ethidium bromide equilibrium density gradient centrifugation (Sambrook et al., 1989) . X . campestris chromosomal DNA was isolated by the method of Chesnney e t al. (1979) . The selected plasmids were sequenced by the dideoxy chaintermination method (Sanger e t al., 1977) using double-stranded plasmids as templates and universal or specific oligonucleotides as primers. Southern-blot analysis was carried out as described by Sambrook e t al. (1989) . The DNA probe was labelled using the Polar PLEX Chemiluminescent Blotting Kit (Millipore). Competent cells for transformation were prepared by rubidium chloride treatment (Sambrook et a/., 1989) . To prepare the genomic libraries of X . campestris, the chomosomal DNA was digested with BamHI, PstI, Hind111 or EcoRI and the resulting fragments were ligated to the vector pBR322 previously digested with the corresponding restriction enzyme.
Computer analysis. Nucleotide sequences were analysed using the University of Wisconsin Molecular Biology Package (WIMP) available on the VAX cluster mainframe computer system at the Biotechnology National Center (Madrid). Sequence comparisons were made against the GenBank/EMBL database and the Swissprot database, using the FASTA and TFASTA programs. Enzyme activity assay. Pip activity was assayed by measuring the amount of p-nitroanilide (P-NA) liberated from p-NA substrates (1 mM) as described by Klein et al. (1994) . One unit of enzyme activity was defined as the amount of enzyme releasing 1 nmol p-NA min-l. The protein concentration was determined by the method of Bradford (1976). showing the highest activity was used for analytical purposes. SDS-PAGE was performed as described by Laemmli (1970) . Standard marker proteins were from Bio-Rad.
N-terminal amino acid sequencing. The sample was prepared by applying the purified enzyme solution to a Prospin sample preparation cartridge containing a PVDF membrane (Immobilon, Millipore). The amino acid sequence was determined by the Edman degradation method using a pulse-liquid sequencer (model 4701 ; Applied Biosystems).
RESULTS AND DISCUSSION

Isolation and subcloning of the pip gene
The pzp gene of X . campestris pv. citri I F 0 3835 was cloned during the course of a screening programme developed to isolate the ama gene encoding the ampicillin acylase (a-amino acid ester hydrolase, ampicillin amidase) of this strain (Kato etal., 1980a) . The selection procedure was developed according to a method originally designed to isolate penicillin-acylase-coding genes (Garcia & Buesa, 1986 ). This method is based upon the auxotrophic complementation of an E. coli leuB mutant using a minimal medium containing phenylacetyl-L-leucine as the sole source of L-leucine. T o clone ama genes, we replaced phenylacetyl-L-leucine by D-alanyl-L-leucine in the selective medium, since it has been reported that ampicillin acylase has a broad substrate specificity, being able to hydrolyse different amides and esters of D-amino acids (Kato e t al., 1980b) .
Among several thousand transformants of E. coli HBlOl (which is a l e d strain) screened from the genomic libraries of X . campestris I F 0 3835 constructed in pBR322, only one, isolated from a PstI library, was able to grow in minimal medium using D-alanyl-L-leucine as a source of Lleucine. Since this transformant was unable to grow in the absence of L-leucine we concluded that it was not a LeuB' revertant and discarded the possibility that we had cloned the leuB gene of X . campestris. The isolated plasmid p J J l O is a pBR322 derivative carrying a 2.8 kb PstI insert (Fig.  1) . Southern-blot analyses demonstrated that the cloned fragment was present in the chromosome of X . campestris (Fig. 2) . Under the same experimental conditions, no hybridization was detected with the E. coli chromosome. When competent cells of E. coli HBlOl were transformed with pJJ10, all the transformants were able to grow in minimal medium containing D-alanyl-L-leucine, suggesting that this plasmid encodes a peptidase that might correspond to the ampicillin acylase activity. Surprisingly, cell extracts prepared from E. coli HBlOl(pJJ10) were unable to hydrolyse ampicillin (data not shown), suggesting either that we had cloned a different gene or that the ampicillin acylase activity produced by this clone was not detected by the current assay used. Moreover, the recombinant was unable to grow in minimal medium containing D-leucyl-L-leucine as a source of L-leucine, indicating a certain specificity for the hydrolysis of the dipep tide.
Nucleotide sequence
To determine the location of the gene encoding the peptidase, the PstI fragment of pJJl0 was digested with different restriction enzymes and subcloned into vectors pUC18 or pUC19, resulting in the plasmids pJJ182, pJJ191, pJJ192, pJJ193, pJJ194 and pJJ195 ( Fig. 1 ). Of these plasmids, only p J J l 9 l and p J J195 conferred upon E. coli HBlOl the ability to grow in the presence of Dalanyl-L-leucine (Fig. 1) . Thereafter, plasmid p J J195 was used to determine the nucleotide sequence of the cloned PstI-ClaI fragment (Fig. 3) . The sequence revealed the presence of two major overlapping and divergent open reading frames, named ORFl and ORF2, and a truncated ORF3 (Fig. 3) .
Two in-phase ATG codons were found at the 5' terminus of ORF1, but only one was preceded by a sequence (AGGA) resembling a ribosome-binding site (RBS) located at an appropriate distance (Fig. 3) . This ORFl encodes a protein of 312 amino acids (35126 Da) with a calculated p1 of 6.4. Two putative promoter regions showing a distance of 21 bp between the respective -35 and -10 boxes and a low similarity with the E. coli do consensus promoter were detected upstream of this ORFl (Fig. 3) . Although a distance of 21 bp between boxes and a low consensus similarity have been observed in known promoters (Hawley & McClure, 1983 ), the precise transcription start site remains to be elucidated. Furthermore, there were no palindromic sequences suggestive of a terminator structure downstream of the TAA stop codon of ORF1. A database search showed that the putative protein encoded by ORFl was highly similar (47% identity, 67 % similarity) to the Pip enzyme from Neisseria gonorrhoeae. This protein also shows a limited similarity with other Pips and hydrolases of aromatic compounds, e.g. Pip from Aeromonas sobria (24% identity, 54% similarity), Pip from Lactobacillus delbrzdeckii (24 % identity, 51 % similarity), Pip from Bacillzds coagdans (24% identity, 47 % similarity), 2-hydroxy-6-0~0-6-phenylhexa-2,4-dienoate hydrolase from Psezddomonas pzdtida (26 YO identity, 49 % similarity), 2-hydroxy-6-oxohepta-2,4-be ascribed to the cloned gene.
recombinants able to grow in the presence of D-alanyl-Lleucine, carrying the complete pip gene (Fig. 1) extracts. These clones harboured a similar, but not identical, plasmid, named p J J185, which had lost a nucleotide in the SmaI-Mae1 junction, producing an inframe fusion with the lac2 gene of the vector. Cells harbouring p J J 185 hyperproduced a 37 kDa protein that corresponds to the expected size of the fusion protein (Fig. 5) . Due to the high amount of Pip produced by E. coli HB101 (p J J 185) the enzyme can be purified in one step by gel filtration (Fig. 5) . The N-terminal amino acid sequence, Thr-Met-Ile-Thr-Asn, found in the purified protein perfectly matched the predicted P-galactosidasePip fusion. The production of the fusion protein was inducible by IPTG in E. coli TG1 and constitutive in HB101, indicating thatpip expression is under the control of the lac promoter (Fig. 5) . The Pip activity produced by clones harbouring pJJ185 was 40-fold higher than that produced by cells carrying pJ 5186 and 400-fold higher than that detected in X . campestris (Fig. 1) . The high production of the Pip fusion can probably be ascribed to a higher initiation efficiency (MacCarthy & Brimacombe, 1994) . Interestingly, a similar result was observed with the prolyl aminopeptidase from Aeromonas sobria, where a fusion protein with the P-galactosidase produced a 19-fold increase in enzyme activity (Kitazono e t al., 1994b) .
Characterization of the Pip activity
Pip prepared from E. coli TGl(pJJ186) behaved in gel filtration as a protein with an apparent molecular mass of 120 kDa, suggesting that the active enzyme might be a tetramer, as already suggested for the Pip of Aeromonas sobria (Kitazono e t a/., 1994b) or apricot seeds (Ninomiya oRr3j e t al., 1982), but we cannot completely rule out the possibility that it might be a trimer having a non-globular shape like the Pip enzyme from LactobacilL~s delbrzceckii subsp. bdgaricm (Gilbert e t al., 1994) . The optimum pH for the enzyme was 7.5 and the maximum activity was observed at 40 "C. The fusion protein prepared from E.
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coli TGl(pJJ185) also behaved in gel filtration as a multimer showing an apparent molecular mass of 150 kDa. Recently, this fusion protein has been crystallized and the preliminary diffraction data suggest that its three-dimensional structure can probably be solved soon (F. J. Medrano, personal communication 
Figrn 4. Alignment of the regions surrounding the catalytic amino acids of several enzymes. (l), Pip from X. campestris (this work); (2), Pip from N, gonorrhoeae (Albertson & Koomey, 1993) ; (3), Pip from B. coagulans (Kitazono et a/., 1992) ; (4), Pip from L. delbrueckii (Klein et a/., 1994) ; (5), Pip from A. sobria (Kitazono et a/., 1994a) ; (6), 2-hydroxy-6-oxohepta-2,4-dienoate hydrolase from P. putida (Menn et a/., 1991); (7), 2-hydroxymuconic semialdehyde hydrolase from P. putida (Horn et a/., 1991) ; (8), 2-hydroxy-6-0~0-6-phenylhexa-2,4-dienoate hydrolase from P. putida (Hayase et a/., 1990) ; (9), atropinesterase from P. putida (Hessing, 1983) . A, B and C indicate the regions surrounding the postulated catalytic amino acids that are shown in bold letters. efficiency (100 % activity), but it was also able to hydrolyse L-alanyl-p-NA (80 % activity) and D-alanyl-p-NA (1 YO activity). Interestingly, L-alanyl-p-NA was not efficiently cleaved by the Pip of two subspecies of L. delbraeckii (Gilbert e t al., 1994; Klein e t al., 1994) . The Pip from apricot seed hydrolyses glycyl-P-naphthylamide at a low efficiency but not the L-alanine derivative (Ninomiya et al., 1982) . The finding that D-alanyl-p-NA can be hydrolysed at low efficiency by the Pip of X . campestris probably explains why the D-alanyl-L-leucine dipeptide is used in vivo by E. coli HBlOl(pJ J l O ) as a source of L-leucine by the pip recombinants, and fits with the observation that this dipeptide was hydrolysed in vitro at a low but detectable rate (data not shown). In contrast, the dipeptide D-leucyl-L-leucine cannot be used in vivo by E. coli HB101 (p J J 10) as a source of L-leucine and the D-Ieucyl-p-NA cannot be hydrolysed in vitro.
Concluding remarks
The very low endogenous Pip activity of E. cali has allowed its use as a host for cloning and expressing thepip gene from X . campestris pv. citri. The substrate specificity of this novel Pip provides a formal explanation for the fortuitous isolation of its encoding gene using a selection method that was initially developed to clone a different Finally, it is worth noting that the Pip has been suggested to be a virulence factor of some human pathogenic bacteria such as Eikenella corrodens (Allaker e t al., 1994) and N . gonurrhoeae (Albertson & Koomey 1993) . Hence, based on the observation that protease-deficient mutants of X .
campestris pathovars showed a reduced virulence (Dow e t al., 1993) , it is possible that this enzyme might influence the capacity of X . rampestrzs to cause plant damage.
